Abstract The influence of high-intensity pulsed electric fields (HIPEF) parameters including electric field strength (15-35 kV/cm), treatment time (500-2,000 μs), and polarity (monopolar or bipolar mode) on the content of chlorophylls (Chls), pheophytin (Phe), chlorophyllide (Chlide), and pheophorbide (Phb) and chlorophyllase activity (Chlase) in broccoli juice were assessed. A significant effect of HIPEF parameters on Chlase, Chls, and Chls degradation compounds was observed through a response surface methodology design. However, polarity did not exert influence neither on Chl a nor on Chl b. The optimum HIPEF treatment was found to be 35 kV/cm for 1,980 μs in bipolar mode, where the highest content of Chls was kept, the lowest Chlase residual activity was reached, and the minimal quantities of Chls degradation compounds content were formed. Additionally, at these HIPEF conditions, broccoli juice exhibited greater content of Chls than thermally treated or untreated juice. These outcomes demonstrated that HIPEF processing could be a suitable technology to maintain the Chls content in broccoli juice.
Introduction
Epidemiological studies have suggested that a high consumption of vegetables from the Brassicaceae family, such as broccoli, may protect humans against chronic diseases (Jeffery and Araya 2009) because it is an important source of bioactive compounds, including vitamin C, phenolic compounds, glucosinolates, carotenoids, and chlorophylls (Moreno et al. 2006) .
Chlorophylls (Chls) are among the most abundant pigments in nature and they are located in the thylakoid membrane of chloroplast (Mínguez-Mosquera et al. 2006) . Chls (Chl a and Chl b) play an important role in the appearance and acceptability of green vegetables. However, factors such as acidic medium, light, free radicals, food processing, as well as chlorophyllase activity (Chlase) accelerate Chls destruction (Davídek et al. 1990 ).
The degradation of Chls involves the action of Chlase (EC 3.1.1.14) on Chls, causing the formation of chlorophyllide (Chlide). Subsequently, Chlide is transformed to pheophorbide (Phb) at high-temperature and acidic conditions. On the other hand, Chls are converted to pheophytin (Phe) by magnesium ion removal of Chls under heat or acidic conditions. Afterwards, Phe is transformed to Phb by the action of Chlase (Drazkiewicz 1994; Heaton and Marangoni 1996; Schwartz and Lorenzo 1990) .
Nowadays, broccoli juice is attracting the attention of both food manufacturers and scientists due to its nutritional characteristics. In fact, a pasteurized broccoli juice is now marketed in Thailand (Tipco Foods Public Company Limited). New broccoli juice-based products have been also developed to increase its consumption. For instance, Houška et al. (2006) proposed a blend of broccoli and apple juices in different proportions.
Additionally, scientific research concerning the sensorial characteristics of broccoli juice has been reported by Weemaes et al. (1999a) , who observed no significant changes in color of broccoli juice treated by high pressure (800 MPa and 30-40°C), whereas notable color changes were observed with increasing temperature (up to 70-80°C) . Loss of green color in broccoli juice due to the influence of heat has been also reported by Weemaes et al. (1999b) .
Traditionally, fruit and vegetable juices have been thermally processed to ensure their microbiological and enzymatic stability. However, heat treatment has drawbacks, such as loss of flavor, pigments, and nutrients, resulting in a reduction of food quality (Fennema 1985) . Besides, it has been reported that prolonged heat treatments degrade Chls to Chlide, Phe, and Phb (Canjura and Schwartz 1991; Schwartz and Lorenzo 1990) . In the past few years, nonthermal preservation methods have been investigated as alternative to conventional processing. In this context, high-intensity pulsed electric fields (HIPEF) have been reported to maintain the nutritional and sensorial qualities as well as the microbial safety of liquid foods (Elez-Martínez et al. 2005; Mosqueda-Melgar et al. 2008; Ortega-Rivas 2007) . Furthermore, HIPEF processing inactivates degradative enzymes (Aguiló-Aguayo et al. 2008b; Giner et al. 2001) . In comparison to the wide range of research carried out on enzyme and microorganism inactivation by HIPEF, there are few studies related to the effect of HIPEF treatment on pigments and bioactive compounds of juices. In the same way, Odriozola-Serrano et al. (2007) reported an increment of 46 % in the content of lycopene in tomato juice after applying HIPEF treatment. Similarly, a rise in carotenoids concentration was noted in HIPEF-treated orange-carrot juice (Torregrosa et al. 2005) . A rise in anthocyanin content (2.1 %) was observed when strawberry juice was processed by HIPEF at 35 kV/cm (Odriozola-Serrano et al. 2009 ). Other nonthermal technologies, such as high pressure treatment, have been used for the processing of broccoli juice, with the objective of evaluating whether this technology improves the retention of bioactive compounds Totusek 2006, 2007; Trska et al. 2007; Van Eylen et al. 2007; Van Loey et al. 1998 ) and sensorial characteristics (Weemaes et al. 1999a) . However, to the best of our knowledge, there are no studies about the effect of HIPEF on Chls and Chlase activity in fruit and vegetable juices. Therefore, the aim of this research was to evaluate the influence of HIPEF parameters, such as electric field strength, treatment time, and polarity pulse, on the relative content (RC) of Chls, Chlide, Phe, and Phb and the residual activity (RA) of Chlase in broccoli juice. Moreover, the effects of HIPEF treatment were compared to those of traditional thermal processing.
Materials and Methods

Reagents
Magnesium carbonate hydroxide hydrate, phenylmethylsulfonyl fluoride (PMSF), cysteine, ethyl acetate, Triton X-100, and stock solutions of chlorophyll a and b were purchased from Aldrich Chemical Co. (St. Louis, MO, USA); sodium sulfate anhydrous, Na 2 HPO 4 , NaHPO 4 , and diethyl ether were supplied by Scharlau Chemie S.A. (Barcelona, Spain). Methanol was from Teknokroma (Barcelona, Spain), and polyvinylpolypyrrolidone (PVPP) was obtained from Acros Organics (Fair Lawn, NJ, USA).
Broccoli Juice
Broccoli (Brassica oleracea var. italica) was purchased at commercial maturity in a grocery store at Lleida (Spain). Subsequently, broccoli was chopped and crushed. The resulting juice was filtered through cheesecloth and vacuum degassed for 10 min.
The physical characteristics of fresh squeezed broccoli juice were as follows: pH 6.49± 0.11 (Crison 2001 pHmeter; Crison Instruments SA, Alella, Barcelona, Spain), soluble solids=8.62±0.14°Brix (Atago RX-1000 refractometer; Atago Co. Ltd., Tokyo, Japan), and color: L * =33.81±0.27, a * =−8.61±0.20, b * =9.84±0.32 (Minolta CR-400 colorimeter, Konica Minolta Sensing, Inc., Osaka, Japan).
HIPEF Equipment
HIPEF treatments were carried out using a continuous-flow bench-scale system (OSU-4F, Ohio State University, Columbus, OH, USA) that held monopolar or bipolar square wave pulses. The treatment system consisted of eight co-field flow chambers in series, each one containing two stainless steel electrodes separated by a gap of 2.92 mm. The inlet and outlet temperatures of each pair of chambers were monitored during HIPEF treatment. The temperature was kept below 35°C by using a cooling coil connected between each pair of chambers and submerged in an ice-water shaking bath. The treatment flow was controlled by a variable-speed pump (model 75210-25; Cole Parmer Instruments Company, Vernon Hills, IL, USA).
Thermal Treatments
Broccoli juice was heat treated in a tubular stainless steel heat exchange coil immersed in a hot water shaking bath using a gear pump (Universitat de Lleida, Lleida, Spain) at 90°C for 60 s. After thermal processing, the juice was immediately cooled in a heat exchange coil immersed in an ice-water bath. Thermal treatment equipment consists of a continuous system. It was designed to get comparable results with respect to the HIPEF continuous system. It was assumed that the temperature did not depend on treatment time, once the steady state was reached. Broccoli juice was passed through a tubular heat exchange coil (2 mm internal diameter and 9.5 m of length) immersed in a hot water bath. Taking into account that the pipe wall area was very large in comparison with its thickness, it could be assumed that the temperature distribution will remain unchanged during the time of heat processing.
Chlorophyllase Activity Determination
Chlase activity in broccoli juice was measured using the method described by Costa et al. (2006a) , with some modifications.
Enzyme Extraction
The enzymatic extract for the determination of Chlase activity was obtained by homogenization of 10 mL of broccoli juice with 20 mL of extraction buffer, which contained 0.1 M Na 2 HPO 4 , 0.1 M NaH 2 PO 4 , 2 mL/L Triton X-100, 30 g/L PVPP, 1 mM PMSF, and 5 mM cysteine, pH 6.0. The mixture was stirred for 1 h at 4°C in darkness and centrifuged at 9,000×g for 15 min at 4°C (Centrifuge AVANTI™ J-25; Beckman Instruments Inc., Fullerton, CA, USA). The resulting supernatant constituted the enzymatic extract.
Chlorophyllase Activity Measurement
The assay is based on the formation of chlorophyllide from chlorophyll degradation. Chlase activity was assayed by mixing 2 mL of enzyme extract, 0.1 M of sodium phosphate buffer (pH 7.0), 0.15 % Triton X-100, 10 μM chlorophyll a, 16 % (v/v) of propanone in a total volume of 13 mL. The mixture was incubated for 1 h at 40°C and 2 mL was taken every 15 min from 0 up to 60 min and poured into tubes with 5 mL of precooled hexanepropanone (7:3 v/v) solution. Then, it was vigorously shaken at 60 rpm for 1 h (Mini Orbital Shaker OVAN®, USA) until the formation of an emulsion. Afterwards, the emulsion was centrifuged at 6,000×g for 5 min at 4°C. The supernatant was utilized to measure the Chlase activity. The progress of the Chlase activity was followed by measuring the absorbance at 663 nm using a spectrophotometer (CECIL CE2021 Instruments Ltd., Cambridge, UK). One unit of Chlase activity was defined as a change in absorbance at 663 nm/min/mL enzymatic extract. The influence of stirring and shaking on Chlase activity could be considered negligible, taking into consideration the findings reported by Ganesh et al. (2000) .
The relative RA of Chlase (in percent) was defined by Eq. 1:
where A t and A 0 were the Chlase activity in treated and untreated broccoli juice, respectively.
Determination of Chlorophylls
Chlorophylls Extraction
The extraction procedure was based on the method described by Cano (1991) , with some modifications. A portion of 20 mL of broccoli juice was added to 20 mL of chilled propanone, and then magnesium carbonate and sodium sulfate were poured. This mixture was vigorously homogenized and filtered. The residues were washed with chilled propanone until colorless. The filtrate was reduced until 5 mL by rotoevaporation (pressure, <70 mbar; temperature, 35°C), and then it was transferred to a separatory funnel where diethyl ether and saturated sodium solution were added. This operation was repeated three times, and then the mixture was vigorously shaken at 1,200 rpm for 1 min (Mini Shaker IKA® Works Inc., Wilmington, NC, USA). The organic phase was dehydrated with analytical grade sodium sulfate anhydride, and diethyl ether was eliminated by rotoevaporation. A portion of 4 mL of propanone was added to reconstitute the sample containing Chls (Chls extract) for its subsequent chromatographic analysis.
Chromatographic Procedure
An aliquot of 25 μL of the Chls extract was injected into the high-performance liquid chromatography (HPLC) equipment using a reverse-phase C18 Spherisorb® ODS2 (5 μm) stainless steel column (4.6×250 mm). A gradient elution was composed of methanol/water (75:25), as eluent A; methanol (100 %) as cleaning solution, eluent B; and ethyl acetate, as eluent C (Table 1 ). The flow rate was fixed at 1.0 mL/min 
where C t and C 0 were the concentrations of Chl a and b or the areas of Chlide, Phe, and Phb of the treated and untreated broccoli juice, respectively.
Experimental Design
A response surface methodology (RSM) was used to evaluate the effect of the different HIPEF treatment variables on Chls, Chlide, Phe, and Phb content and Chlase activity. A central composite design with three face-centered factors was proposed. Numerical variables were treatment time (500, 1,250, and 2,000 μs) and electric field strength (15, 25, and 35 kV/cm), while a categorical variable was pulse polarity (monopolar or bipolar), keeping the pulse width (4 μs) and frequency (100 Hz) constant. RSM was chosen to analyze the experimental results because it offers a large amount of information with less number of experiments, with respect to other traditional experimental designs, and it allows observing the interaction effect of the independent parameters on the response (Baş and Boyaci 2007) . The experimental design was conducted in duplicate and every analytical analysis was carried out in triplicate. The order of assays was randomized. Experimental data were fitted to a polynomial response surface. The second-order response function was predicted by Eq. 3:
where Y is the response, β 0 , β i , β ii , and β ij are the constant, linear, quadratic, and interaction regression coefficients, respectively, and X i represents the independent variables. RSM was employed for the experimental design, data analysis, model building, and plot generation using the Design Expert 6.01 software (Stat Ease Inc., Minneapolis, MN, USA).
Validation and Optimization of the Predictive Models
A set of 52 experiments were carried out to validate the developed predictive models. The correlation coefficients between the predicted and the experimental data were taken as indicator of prediction accuracy. An optimization in the range of the studied parameters was carried out according to the method described by Derringer and Suich (1980) . The highest desirability represented the most adequate condition to reach the highest levels of Chls and the lowest Chlase RA. Heat-processed, HIPEF-treated under optimized conditions, and untreated broccoli juices were compared in order to determine differences among treatments, using a oneway analysis of variance (ANOVA) followed by least significant difference test.
Correlations between Chlase, Chls, and Chl degradation compounds were evaluated with Pearson's test. The r value indicated the relatively strong relationship between the response variables. These analyses were carried out using the Statgraphics Plus v5.1 Windows package (Statistical Graphics Co., Rockville, MD, USA).
Results and Discussion
Effects of HIPEF Parameters on Chlorophyllase Activity
Chlase exhibited an initial activity of 0.035 ΔAbs 663 nm/ min/mL in broccoli juice. Chlase activity was in the range of that reported by Costa et al. (2006b) . RA results of Chlase (in percent) in HIPEF-treated broccoli juice are shown in Table 2 .
When broccoli juice was processed by HIPEF, Chlase activity decreased within the range of electric field strength and treatment time assayed in monopolar or bipolar mode treatments. Minimal RA (26.3 %) was observed when applying pulses at 35 kV/cm for 2,000 μs in bipolar mode.
A second-order response surface function fitted properly the experimental data (p<0.0001) with a determination coefficient (R 2 ) of 0.90 and a nonsignificant lack of fit (Table 3) . Owing to polarity, a categorical variable which significantly influenced the RA of Chlase (p<0.05), the model that describes the RA of the enzyme exposed to HIPEF was expressed in two different polynomial equations for monopolar (Eq. 4) and bipolar (Eq. 5) modes:
RA B ¼ 114:68−4:44 Â E−0:01 Â t−4:3 Â 10
where RA is the residual activity of Chlase enzyme in monopolar (M) or bipolar (B) mode, E is the electric field strength (in kilovolts per centimeter), and t the treatment time (in microseconds).
HIPEF treatments applied in bipolar mode to broccoli juice led to lower Chlase RA than those operated in monopolar mode. In agreement with these results, Quitão-Teixeira et al. (2008) observed that the bipolar mode induced more carrot juice peroxidase inactivation than the monopolar mode after applying HIPEF treatments at 35 kV/cm for 1,000 μs. Moreover, Giner et al. (2002) and Aguiló-Aguayo et al. (2010a) reported that pulses applied in bipolar mode caused a great inactivation of polyphenol oxidase enzyme from peach and strawberry juice, respectively. In the same way, the application of HIPEF in bipolar mode improved the orange juice pectin methyl esterase inactivation (Elez-Martínez et al. 2007b ).
According to Eqs. 4 and 5, treatment time is a determining factor in broccoli Chlase inactivation. Bipolar pulses have simultaneous positive and negative amplitudes per pulse, which could cause changes in the direction of charged molecules (Barbosa-Cánovas et al. 1999; Barsotti and Cheftel 1999) . When the duration of the electric pulses is long enough, the influence of HIPEF could lead to conformational changes of the enzymes, resulting in its inactivation (ElezMartínez et al. 2007a; Zhao et al. 2007; Zhong et al. 2005) . Therefore, pulses of identical voltage for a given treatment time in bipolar mode inactivate Chlase more efficiently than those in monopolar mode. Also, the linear coefficient in both electric field strength and treatment time was negative, meaning that the higher the electric field strength and treatment time, the lower the Chlase RA.
The difference in effectiveness attributed to polarity could be explained by the fact that a separation of particles with electric charge takes place when food is exposed to an electric field. These particles may cover the electrodes and lead to the formation of a shielding layer in their surface, which modifies the electric field and, therefore, reduces the efficiency of HIPEF treatment. Bipolar pulses minimize the deposit of charged molecules, avoiding the creation of a shielding layer (Barbosa-Cánovas et al. 1998; Min et al. 2007) .
Chlase was also affected by the electric field strength and treatment time. In fact, increasing both variables, the RA was reduced. Thus, the lowest RA (26.3 %) was observed when HIPEF processing was performed at the highest treatment time (2,000 μs) and electric field strength (35 kV/cm) in bipolar mode. Nonetheless, the positive quadratic terms of t and E indicated that a minimum Chlase activity value was reached when pulses from 30 to 35 kV/cm for treatment times between 1,620 and 2,000 μs in bipolar mode were applied (Fig. 1) . These results are in accordance with other studies, where the effectiveness of HIPEF treatments on orange juice peroxidase and pectin methyl esterase and horseradish peroxidase inactivation increased as the electric field strength and treatment time augmented (Elez-Martínez et al. 2006 , 2007b Zhong et al. 2005) . Similarly, Min et al. (2003) reported a major inactivation of tomato juice lipoxygenase as electric field strength (from 15 to 35 kV/cm) and treatment time (from 20 to 70 μs) increased.
Diverse theories have been postulated to explain enzyme behavior when food is subjected to an electric field. Some authors have suggested that HIPEF treatment causes conformational changes in enzymes, such as the loss of its α-helix (Zhong et al. 2005 ). Barsotti and Cheftel (1999) proposed that HIPEF treatment destabilizes the covalent or non-covalent interactions, protein unfolding, and denaturation. Therefore, these findings might explain the Chlase inactivation observed in this research. But, the incomplete reduction of Chlase activity by HIPEF in broccoli juice could be associated to the fact that thylakoid, chloroplast, and cell membranes protected Chlase against HIPEF. This hypothesis is supported by Hornero-Méndez and Mínguez-Mosquera (2001) and Matile et al. (1997) who demonstrated that Chlase is an enzyme bounded to the chloroplast membrane.
Effects of HIPEF Parameters on Chl a and Chl b
The initial concentrations of Chl a and Chl b in untreated broccoli juice were 8.33 and 3.25 mg/100 mL, respectively. To the best of our knowledge, there are no works that report about the concentration of Chl in broccoli juice. However, Van Loey et al. (1998) observed that the proportion of Chl a and Chl b in broccoli juice was 3:1. Similarly, in the present study, it was demonstrated that the ratio is kept when broccoli juice is obtained.
The influence of HIPEF parameters on Chl a and Chl b contents in broccoli juice is shown in Table 2 . The RC of Chl a and Chl b in HIPEF-processed broccoli juice ranged between 81.8 and 116.0 % and between 74.7 and 120.7 %, respectively. An increment in the content of Chl a and Chl b occurred when broccoli juice was treated in the electric field strength ranging from 25 to 35 kV/cm and 1,250 μs in both monopolar and bipolar modes. However, the RC of Chl did not increase at 15 kV/cm and at any treatment time.
At the lowest electric field strength applied to broccoli juice, incomplete enzyme inactivation occurred, resulting in Chl losses, as shown in Table 2 . Results of Pearson test (Table 4) showed that there was a significant negative correlation between Chlase and Chls (Chl a and Chl b), meaning that, when Chlase activity increased, the RC of both Chl a and Chl b decreased. In this sense, Yin et al. (2007) associated the microorganism and enzyme elimination by HIPEF to the maintenance of spinach puree Chls and its color. The ANOVA indicates that a second-order model described with accuracy the Chl a and Chl b RC of HIPEFtreated broccoli juice (p<0.0001) ( Table 3 ). The determination coefficient (R 2 ) was 0.91 and 0.98 for Chl a and Chl b, respectively, and a nonsignificant lack of fit was observed.
Notwithstanding polarity did not significantly affect the RC of Chl a and Chl b, the interaction electric field strengthpolarity showed a significant influence on Chl a (Table 3) . Thus, the model was reduced to a function that can be used for either monopolar or bipolar mode pulses (Eqs. 6 and 7):
Chl a ¼ 102:57 þ 11:51 Â E þ 2:80 Â t−2:89 Â t 
where Chl a and Chl b were chlorophyll a and chlorophyll b RC, respectively, E was the electric field strength (in kilovolts per centimeter), and t was the treatment time (in microseconds).
Electric field strength and treatment time had significant effects on both Chl a and Chl b RC. Figure 2 shows that, when treatment time and electric field strength (from 25 to 35 kV/cm) rose, the RC of Chl a and Chl b augmented. The increment in the content of Chls achieved at electric field strength from 25 to 35 kV/cm could be explained by the fact that an activation of specific enzymes related to the Chl biosynthesis pathway could take place due to the effect of HIPEF processing. For instance, Mg-chelatase is an enzyme that catalyzes the insertion of Mg 2+ into protoporphyrin IX to yield Mg-protoporphyrin IX, which is then further metabolized into chlorophyll (Mochizuki et al. 2010; Reinbothe et al. 2010 ). Several studies have also shown enzyme activation when exposed to HIPEF. In this context, watermelon, tomato, and strawberry juice lipoxygenase On the other hand, broccoli is a vegetable with an elevated content of magnesium (18.1-27.3 mg/100 g) (Kmiecik et al. 2007; López-Berenguer et al. 2007 ) and it has been demonstrated that the synthesis of Chls is favored at elevated Mg 2+ concentration (Nakayama et al. 1998) . In line with the results reported in this research, Torregrosa et al. (2005) observed that the concentration of carotenoids in orange-carrot juice increased after applying pulses at 25-30 kV/cm for 60-340 μs, with respect to untreated juice. Odriozola-Serrano et al. (2008) observed a lycopene increment in tomato juice as the treatment time (from 100 to 2,000 μs) and electric field strength (from 20 to 35 kV/cm) increased, compared to fresh tomato juice. Table 2 shows the RC of Chlide, Phe, and Phb of HIPEFtreated broccoli juice. The RC of Chlide, Phe, and Phb in broccoli juice processed by HIPEF ranged between 116.9 and 138.2 %, between 91.2 and 126.0 %, and between 95.2 and 132.0 % for Chlide, Phe, and Phb, respectively.
Effects of HIPEF Parameters on Chls Degradation Compounds
The experimental data of RC of Chlide, Phe, and Phb were properly modeled by a second-order response surface function (p<0.0001) with a nonsignificant lack of fit (Table 3) . Pulse polarity was considered as a categorical factor. Hence, the RC of the products of Chls degradation in broccoli juice can be fitted through Eqs. 8, 10, and 12 for monopolar mode pulses and Eqs. 9, 11, and 13 for bipolar mode pulses:
Chlide M ¼ 144:83−0:21 Â E−4:06 Â 10 −3 Â t−2:5 
Phe B ¼ 119:84 þ 9:84 Â 10
Phb M ¼ 131:38−0:049 Â E þ 8:87 Â 10 −3 Â t−8:79
Phb B ¼ 111:47 þ 0:051 Â E þ 1:42 Â 10 −2 Â t−8:79
where Chlide, Phe, and Phb were chlorophyllide, pheophytin, and pheophorbide RC, respectively, in monopolar (M) or bipolar (B) mode, E was the electric field strength (in kilovolts per centimeter), and t was the treatment time (in microseconds). Polarity significantly influenced (p<0.0001) the content of Chls degradation products (Table 3) . Monopolar treatments led to higher Chlide, Phe, and Phb contents than those applied in bipolar mode in HIPEF-treated broccoli juice.
On the other hand, electric field strength (E) and treatment time (t) significantly influenced on the RC of Chlide, Phe, and Phb (Table 3) . That is, the minimum RC of Chlide, Phe, and Phb were observed when broccoli juice was treated with the strongest electric field strength (35 kV/cm) and treatment time (2,000 μs). In contrast, at the lowest HIPEF treatment conditions (15 kV/cm for 500 μs), the greatest RC of Chls degradation compounds were observed (Figs. 3, 4 , and 5).
These findings could be associated to incomplete inactivation of degradative enzymes of Chls, such as Chlase, among others. Correlation of Pearson values (Table 4) displayed that there was a significant negative correlation between Chls and their degradation products (Chlide, Phe, and Phb), indicating that, when Chls degradation rose, the RC of Chlide, Phe, and Phb augmented. Furthermore, the lowest Chlase RA achieved during HIPEF processing of broccoli juice was well correlated to the minimum Chlide and Phb contents. Both residual Chlase activity and HIPEF processing could have a significant influence on Chl degradation. Moreover, during HIPEF treatment, the electrodes are in direct contact with the food product. Electrochemical reactions can occur, which lead to metal release, and oxidation reactions could take place when electric pulses are applied (Roodenburg et al. 2005) .
Electric field strength and treatment time affected the Chlide and Phb RC. Thus, applying the lowest treatment time (500 μs) at 15 kV/cm in bipolar mode, the Chlide RC was 135.1 %, whereas at 35 kV/cm for 2,000 μs, the Chlide RC only increased until 116.9 % ( Table 2 ). The Phe RC increased up to 120.5 % when broccoli juice was treated at 15 kV/cm for 500 μs. However, when electric field strength and treatment time rose (35 kV/cm for 2,000 μs), the Phe RC decreased to 91.2 %. At the lowest treatment time, the highest Phe RC was observed (Fig. 4) . A similar pattern was obtained in Phb content when treatment time diminished (Fig. 5) .
To the best our knowledge, there is no available information related to HIPEF treatment and the formation of Chls degradation compounds. However, studies applying other nonthermal technologies, such as high hydrostatic pressure (150 MPa) in combination with heat (75-80°C), reported a slight increment in the Chls degradation products (Weemaes et al. 1999a ). The same authors observed that, as the pressure level rose, the Chls loss augmented. In contrast to high hydrostatic pressure treatment, when the HIPEF parameters augmented, an increment in Chls content, as well as reduction of Chlide, Phe, and Phb contents, was observed.
Validation and Optimization of HIPEF Processing Conditions
The correlation coefficients between the observed and predicted Chlase RA and RC of Chl a, Chl b, Chlide, Phe, and Phb data were 0.93, 0.85, 0.95, 0.98, 0.89, and 0.98, respectively, meaning that second-order expressions obtained for each assay were adequate to fit the experimental results.
In the range of the HIPEF parameters studied, the treatment condition that exhibited the maximum Chl a and Chl b content, as well as the minimum Chlide, Phe, and Phb contents and Chlase activity, was 35 kV/cm for 1,980 μs in bipolar mode (Table 5 ). The desirability of HIPEF treatment was 0.97, which was taken as an indicator of accuracy between the polynomial model predictions and the experimental data. .52 for HIPEF-processed and heat-processed broccoli juice, respectively. It was observed that the color parameters of broccoli juice were less affected by HIPEF treatments than those by thermal processing. Chls are sensitive to acidic conditions; however, no drastic changes among HIPEFprocessed (6.59±0.08), thermal (6.38±0.09), and untreated (6.48±0.06) broccoli juices were observed. Therefore, a detrimental effect of pH on Chls could be discarded.
It is important to highlight that, in HIPEF-processed broccoli juice, Chls content was higher than that treated by heat. When broccoli juice was processed by heat, the RC of Chl a and Chl b decreased until 18.28 and 24.23 %, respectively (Table 5) , whereas the RC of Chlide, Phe, and Phb increased. On the contrary, HIPEF-processed broccoli juice displayed increments in both Chl a and Chl b contents. Thus, the RC of Phe (90.52 %) and Phb (94.97 %) was lower than that found in heat-treated juice (186.31 and 142.98 %, respectively). In contrast, no significant differences in the RC of Chlide among treatments were observed (Table 5 ). This fact could be attributed to the formation of Chlide by Chlase enzyme action (Schwartz and Lorenzo 1990) , but also by a hightemperature effect (Canjura and Schwartz 1991) . Traditional pasteurization of broccoli juice inactivated Chlase, but Chlide formation was observed due to the high temperature applied (90°C). HIPEF treatment was performed at temperatures below 35°C; therefore, Chlide apparition could be explained by the action of Chlase RA.
The most harmful reaction during Chls degradation is the formation of Phe, which reduces the visual quality of food due to the appearance of an olive brown color (Coultate 2009; Simpson 1985) . Additionally, it has been suggested that the loss of green color in vegetables during heat treatment is due to the increase in the permeability of hydrogen ions across the cell membrane, replacing Mg 2+ by two protons and producing Phe and Phb formation (Von Elbe and Schwartz 2000) . In contrast, HIPEF treatments at optimum conditions increased the RC of Chl a and Chl b and decreased the formation of Phe and Phb. Chlase inactivation and moderate temperatures observed during HIPEF processing improves the protection of Chls in broccoli juice. 
Conclusion
The RC of Chls increased and the RA of Chlase diminished when broccoli juice was processed by HIPEF within the studied range. In general, the results demonstrated that, when electric field strength and treatment time increased, the content of Chl a and Chl b augmented, while Chlase activity and Chlide, Phe, and Phb contents diminished. Furthermore, the application of bipolar pulses raised the RC of Chls and reduced the RA of Chlase, as well as the RC of Chlide, Phe, and Phb more than those applied in monopolar mode. The RC of broccoli juice Chl a and Chl b rose when HIPEF processing was applied from 25 kV/cm. At the assayed conditions, the optimum HIPEF combination to reduce the RA of Chlase and the RC of Chlide, Phe, and Phb, as well as to achieve the highest Chl a and Chl b, was 35 kV/cm in bipolar mode for 1,980 μs. Moreover, HIPEF processing led to higher Chls content than thermal processing.
Therefore, these results demonstrated that HIPEF technology could be an alternative to thermal treatment for obtaining broccoli juice with high nutritional and visual qualities.
